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Lag phase represents the earliest and most poorly understood stage of the bacterial growth cycle. We developed a reproducible
experimental system and conducted functional genomic and physiological analyses of a 2-h lag phase in Salmonella enterica se-
rovar Typhimurium. Adaptation began within 4 min of inoculation into fresh LB medium with the transient expression of genes
involved in phosphate uptake. The main lag-phase transcriptional program initiated at 20 min with the upregulation of 945
genes encoding processes such as transcription, translation, iron-sulfur protein assembly, nucleotide metabolism, LPS biosyn-
thesis, and aerobic respiration. ChIP-chip revealed that RNA polymerase was not “poised” upstream of the bacterial genes that
are rapidly induced at the beginning of lag phase, suggesting a mechanism that involves de novo partitioning of RNA polymerase
to transcribe 522 bacterial genes within 4 min of leaving stationary phase. We used inductively coupled plasma mass spectrome-
try (ICP-MS) to discover that iron, calcium, and manganese are accumulated by S. Typhimurium during lag phase, while levels
of cobalt, nickel, and sodium showed distinct growth-phase-specific patterns. The high concentration of iron during lag phase
was associated with transient sensitivity to oxidative stress. The study of lag phase promises to identify the physiological and
regulatory processes responsible for adaptation to new environments.

During batch culture, a typical bacterial growth curve shows
five distinct phases of growth: lag phase, the delay before the

start of exponential growth; exponential phase, where cell division
proceeds at a constant rate; stationary phase, when conditions
become unfavorable for growth and bacteria stop replicating (8,
70, 78); death phase, when cells lose viability; and, finally, long-
term stationary phase, which can extend for years (27).

The phenomenon of bacterial lag phase was first described at
the end of the 19th century, when the “latent period” was de-
scribed in studies on the effects of temperature on Salmonella
enterica serovar Typhi (75, 86). Later, in 1949, Monod described
lag phase as a process of equilibration that was controlled by an
unknown regulatory mechanism (74). Surprisingly, despite a fur-
ther 60 years of research, this statement remains true. Lag phase is
the most poorly understood growth phase, primarily because of a
lack of data that describe the underlying physiological and molec-
ular processes.

It has been assumed that lag phase allows the adaptation re-
quired for bacterial cells to begin to exploit new environmental
conditions (70). This process could include the repair of macro-
molecular damage that accumulated during stationary phase (21)
and the synthesis of cellular components necessary for growth.
However, these remain hypothetical possibilities, as the available
physiological data simply show that lag-phase bacteria are meta-
bolically active (71). Consequently, there are currently no physi-
ological or biochemical criteria to define lag phase.

Exponential and stationary phases have been studied exten-
sively, representing the processes of cell division and the cessation
of division, respectively (78). Exponential growth can occur with a
doubling time as short as 20 min for Salmonella enterica serovar
Typhimurium and requires a number of factors to be present in
excess in the growth medium, including sources of carbon, nitro-
gen, phosphate, and certain trace elements, such as iron. The

physiology of exponential bacterial growth and replication in-
volves multiple rounds of DNA synthesis, coupled with transcrip-
tion and translation, to synthesize necessary macromolecules.
These crucial events are controlled by a variety of gene regulatory
processes which are now beginning to be understood by network
inference approaches (24). The reason that Salmonella enters sta-
tionary phase during growth in LB broth is unknown, but the
cessation of growth in rich medium has been reported to be caused
by both acetate accumulation (119) and carbon starvation (102).

The physiology of bacterial lag phase remains a mystery, but
microbiologists have devoted a great deal of effort to measure,
model, and predict the duration of bacterial lag time. To improve
accuracy, a new predictive model was developed by Baranyi and
Roberts to account for the physiological state of the bacterial cell
(7). This approach was used to quantify the time taken for “work
to be done” during lag phase, which appears to be constant be-
tween different bacterial species that are grown under identical
conditions (25, 37, 65, 73). The experiments described here are a
first step to establishing the nature of this “work” in S. Typhimu-
rium.

The relatively low concentrations of bacteria in lag-phase cul-
tures made it challenging to apply functional genomic technolo-
gies. This technical difficulty has been overcome in the present
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study by the development and use of a simple, robust large-scale
system for the functional genomic and biochemical analysis of
bacterial lag. Nothing was previously known of the transcriptomic
and physiological changes occurring in Salmonella enterica sero-
var Typhimurium cells during lag phase. This paper describes the
characterization of the program of transcriptional and physiolog-
ical events that follow the inoculation of stationary-phase bacteria
into fresh medium and represent the earliest stages of bacterial
growth.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The parental strain
used in this study was S. Typhimurium SL1344 (46), and SL1344 fis::cat
was obtained from C. J. Dorman (57). Strains were grown in LB (pH 7.0)
(99) that was filter sterilized (0.22-�m pore size) using Stericup Filter
units (Millipore, SCGPU11RE) to minimize potential variations in pH
that can be introduced during autoclaving (33). The same batch of pow-
dered medium constituents was used throughout this work to minimize
batch-to-batch variation.

Lag phase was studied in 750-ml static cultures grown at 25°C, as
shown in Fig. 1A. A standardized inoculum was produced to minimize
variation in experimental culture conditions and ensure reproducible
population lag times. Strains were streaked from dimethyl sulfoxide
(DMSO) stocks at �80°C onto LB agar plates and grown overnight at
37°C. A single colony was taken with an inoculating loop and used to

inoculate a primary subculture of 10 ml LB (pH 7.0) that was grown
statically in a 30-ml capped polystyrene universal tube (Fisher Scientific,
FB55153) for 48 h at 25°C. An inoculating loop (5 �l) of the stationary-
phase primary subculture was used to inoculate a secondary subculture of
10 ml LB (pH 7.0) that was grown statically in a 30-ml capped polystyrene
universal tube for 48 h at 25°C.

The standardized inoculum was prepared by adding 200 �l of a 1:100
dilution of the secondary subculture in sterile LB to 500 ml LB (pH 7.0) in
a 1-liter Stericup filtration flask. The standardized inoculum in the flask
was grown statically at 25°C for exactly 48 h to give a stationary-phase
culture (see Fig. S1 in the supplemental material). The experimental flask,
consisting of 750 ml LB (pH 7.0) in a 1-liter Stericup filtration flask, was
inoculated with 500 �l of this 48-h-old standardized inoculum. Growth
was carried out statically at 25°C.

Growth curves and lag-time measurement. Because of inaccurate de-
tection of biomass using optical density measurements and because of
variation in bacterial cell size during growth (101), the calculation of lag
times using biomass indicators, such as the optical density at 600 nm
(OD600), are misleading; viable count measurements are the only accurate
way to determine population lag times (104). When measuring growth of
the fis::cat mutant, parallel wild-type cultures were grown simultaneously
to allow direct comparison. Optical density measurements (at OD600)
were taken using a SpectraMax Plus spectrophotometer (Molecular De-
vices).

Growth curve fitting of viable count data was performed using DMFit
(www.ifr.ac.uk/safety/DMfit) to measure growth parameters using the

FIG 1 Growth in the experimental system used to characterize the 120-min lag phase of S. Typhimurium. (A) Overview of system for obtaining lag-phase cells.
See Materials and Methods for details. (B) Growth curve showing lag phase in the experimental culture flask. Lag time was determined to be 2.09 h (n � 3). Viable
count data for the first 5 h are shown in an inset. (C) Plot of culture pH in the experimental culture. (D) Plot of dissolved oxygen tension in the experimental
culture. Oxygen concentrations during the first 5 h are shown in an inset. (E) Cell length in the experimental culture. Statistically significant increases in cell length
compared to those in the standardized inoculum (t test; P � 0.0001) are shown with an asterisk.
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model of Baranyi and Roberts (7). When using DMFit to estimate lag
times, the late-stationary-phase time points were excluded from analysis,
as they distorted the model fit.

Online measurement of culture pO2 and pH. Culture pH was moni-
tored using an autoclavable gel-filled electrode (Broadley James), and the
dissolved oxygen concentration (pO2) was monitored using an autocla-
vable polarographic electrode (Ingold). In both cases, these were con-
nected to an online meter (LH Fermentation, series 2000) that recorded
the pH and pO2 every minute for 48 h.

Inductively coupled plasma mass spectrometry. Published methods
(85, 108) were extensively modified to measure levels of cell-associated
metals as follows. Bacteria were grown in LB at 25°C in the same static
system used elsewhere in this paper (Fig. 1A). For stationary-phase (in-
cluding the standardized inoculum) and mid-exponential-phase mea-
surements, 15 ml of culture was harvested in 15-ml polypropylene tubes
(Greiner Bio One, 188285) prior to centrifugation at 6,300 � g for 10 min
at 4°C. These polypropylene tubes cause minimal metal contamination to
samples and therefore do not require acid washing (J. Hoogewerff, per-
sonal communication). For lag-phase samples, 750 ml of culture was har-
vested by centrifugation using acid-washed 450-ml centrifuge bottles
(Nalgene, 3140-0500) to minimize metal contamination. All further steps
were carried out with acid-washed plastic pipette tips. Cell pellets for all
time points were washed in 5 ml distilled water (dH2O) containing 1 mM
EDTA (pH 8.0) to bind extracellular metals associated with the cell pellet
(3). Cells were washed twice with 5 ml dH2O and centrifuged (6,300 � g,
10 min, 4°C) between the washes. Pellets were dried in a heat block over-
night at 65°C.

Dried cell pellets were digested in 500 �l of 69% Aristar grade nitric
acid and 250 �l of 31% Ultrapur hydrogen peroxide (Merck) and left in
daylight for 3 days to reduce all organic materials to their constitutive
elements. Once digested, each sample was diluted in 6.75 ml of 2% nitric
acid containing 1 part per billion (ppb) each of platinum, rhodium, and
germanium as internal standards for calibration purposes. Each sample
was run in triplicate through an Agilent 7500ce inductively coupled
plasma mass spectrometer (ICP-MS). ICP-MS data were statistically fil-
tered using the Grubbs test to remove outlying data (42) (P � 0.05).
Viable cell count measurements taken at the same time as the ICP-MS
samples were used to derive the concentration of metal ions in attomoles
per cell.

Microscopy. Cells were taken from the static growth system described
above, fixed by the addition of formaldehyde to 4% (vol/vol), and placed
on ice for 20 min. The fixed culture was dried onto the surface of a glass
microscope slide prior to addition of 10 �l Aqua-Poly/Mount (Poly-
sciences) and a coverslip. Cells were visualized using phase-contrast mi-
croscopy on an Olympus BX51 microscope with a UPlanApo Oil Iris
�/0.17 �100/1.35 objective (Olympus). Cell sizes were measured from
images using AnalySIS Pro v3.2 software.

RNA isolation. For carrying out time course transcriptomic measure-
ments, multiple 750-ml flasks were inoculated at the start of the experi-
ment (time zero). RNA isolation from stationary-phase and exponential-
phase cultures was carried out as described previously (56) using
protocols available from the Institute of Food Research (IFR) Microarray
Facility website (www.ifr.ac.uk/safety/microarrays/). To isolate RNA
from lag-phase samples, an entire flask was sacrificed by adding 187.5 ml
of ice-cold 5% phenol/95% ethanol (vol/vol) and the flask was placed on
ice for 30 min to stabilize the RNA. The 937.5 ml of stabilized culture was
centrifuged at 5,500 � g at 4°C for 15 min. Supernatant was poured off,
and the pellet was resuspended in the small amount of liquid remaining in
the tube. The stabilized cell suspension was then transferred to a 1.5-ml
microcentrifuge tube in which a final centrifugation of 6,000 � g for 5 min
allowed the removal of the remaining supernatant. RNA was then isolated
from these pellets in the same way as they are from exponential- and
stationary-phase cultures. This procedure typically yielded between 5 and
10 �g of total RNA from lag-phase cultures harvested at 4 and 20 min after
inoculation and up to 50 �g from cultures harvested at later lag-phase

time points. RNA quality was assessed on a 2100 Bioanalyzer (Agilent),
and RNA concentration was measured on an ND-1000 spectrophotome-
ter (Nanodrop).

Transcriptomic analysis of RNA samples. Production of labeled
cDNA, hybridizations, and analysis of transcriptomic data were carried
out with SALSA microarrays as described previously (17). A common-
reference experimental design, consisting of Cy5-labeled cDNA and Cy3-
labeled genomic DNA (gDNA), was used with each hybridization (106).
In total, two biological and two technical replicates were obtained for each
of the 11 time points. The median coefficient of variation between biolog-
ical replicates was 8.9%, while for technical replicates, it was 8.2%.

Transcriptional data were analyzed with GeneSpring 7.3 (Agilent
Technologies). Statistical significance was determined with the Benjamini
and Hochberg multiple testing correction (false discovery rate of 0.05),
and genes that were differentially expressed by more than 2-fold were
identified (120). Cluster analysis was carried out within GeneSpring by
applying a Pearson correlation. To identify growth-phase-specific marker
genes, the transcriptional profiles were split into their respective growth
phases: lag phase (4 to 120 min), exponential phase (mid-exponential and
late exponential), and stationary phase (inoculum, early stationary phase,
and late stationary phase). Growth-phase-specific signature genes were
defined as genes that were highly upregulated or downregulated (t test;
P � 0.05, �2-fold cutoff) in a single growth phase when all the profiles
within that growth phase were compared pairwise to all the profiles in the
other two growth phases.

Motif searching. Unbiased motif searching was conducted using
Meme version 4.4.0 (4). Gene promoter regions (�300 to �50 bp, relative
to the start codon) were searched using the following parameters: motifs
could range in size from 10 to 50 bp, each DNA sequence could contain
multiple or no motif sites, palindromic and nonpalindromic models were
tested, and both the forward and reverse DNA strands were included in
searches. Because sigma factors (�) bind degenerate sites that can be dif-
ficult to detect using unbiased motif searching, searches for sigma factor
motifs were focused on short promoter regions (�50 to �1 bp, relative to
transcription start sites). Sigma factor binding sites are usually composed
of two discrete sequence blocks (�10 and �35) with variable spacing
between the blocks; thus, preliminary searches for motifs were conducted
using BioProspector (67), which is particularly suited to identifying
2-block motifs. BioProspector was used to search for 6- to 12-bp motifs
separated by 10 to 25 bp, and this consistently identified a very strong �70

(RpoD) �10 motif. The �70 �35 motif is highly degenerate, necessitating
a further refinement of motif searching to test for its presence. To this end,
promoter regions were further divided into small segments ranging from
�5 to �15 bp (for the �10 motif) and from �25 to �45 bp (for the �35
motif), relative to transcription start sites, and these were searched using
Meme with the following parameters: motifs could range in size from 4 to
10 bp, each DNA sequence was expected to contain one sequence match-
ing the motif, and only the forward DNA strand was analyzed. As a posi-
tive control, DNA sequences containing the 857 annotated Escherichia coli
�70 sites were retrieved from RegulonDB 7.0 (31) and searched using these
same parameters. Sequence logos were generated using WebLogo (18),
and statistically significant differences between logos were calculated and
displayed using Two Sample Logo (110).

ChIP-chip. A 1-ml sample of 48-h-old standardized inoculum culture
was taken, and chromatin immunoprecipitation with microarray tech-
nology (ChIP-chip) was carried out as previously described (68), with the
following adjustments. Formaldehyde cross-linking was shortened to 2
min. Bead beating with 100-�m glass beads (Sigma, G4649) was used to
lyse the bacterial cells (3 20-s cycles, maximum speed; FastPrep FP120
[Thermo Savant]). During chromatin immunoprecipitation, 20 �l of
anti-RNA polymerase � subunit monoclonal antibodies (Neoclone,
W0002) was used. Phenylmethylsulfonyl fluoride (PMSF) (Sigma, P7626)
was added to each sample after sonication to prevent protein degradation
at a final concentration of 1 mM.

Unnormalized ChIP-chip data were analyzed using the ChIPOTle Vi-
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sual Basic for applications macro (11). The ChIPOTle macro detected
significant RNA polymerase binding peaks by a t test (P � 0.001) and a
2-fold minimum cutoff threshold. The genomic context of these signal
peaks was visualized using the Integrated Genome Browser (IGB) v4.56
(http://bioviz.org/igb/).

Assessment of peroxide sensitivity. The sensitivity of S. Typhimu-
rium to hydrogen peroxide (H2O2) in LB medium was investigated based
on a previously published method (6). Briefly, culture was taken at each
investigated time point and the initial viable cell count was determined.
H2O2 was added to the culture at a 6 mM final concentration, and the
culture was stored at 4°C for 60 min before the H2O2-treated viable cell
count was measured. The fold decrease upon H2O2 treatment was calcu-
lated by dividing the starting cell count by the H2O2-treated cell count.

Microarray data accession number. The transcriptomic data were
deposited in the GEO database (www.ncbi.nlm.nih.gov/geo) under acces-
sion number GSE22294.

RESULTS AND DISCUSSION
Characterization of a static system for the reproducible induc-
tion of lag phase. Lag time is defined as the initial period in the life
of a bacterial population when cells are adjusting to a new envi-
ronment before starting exponential growth. Many factors influ-
ence the duration of lag time, including inoculum size, the phys-
iological history of the cells, and the precise physiochemical
environment of both the original and the new growth medium
(104). To obtain reproducible lag times, it is important to use a
standardized bacterial inoculum and consistent growth condi-
tions. A growth system, based upon culture in LB medium, was
developed to generate a robust and reproducible lag phase (Fig.
1A). The standardized inoculum was a 48-h stationary-phase cul-
ture of S. Typhimurium SL1344 (see Fig. S1 in the supplemental
material), and the subsequent 750-ml experimental culture was
grown statically at 25°C (Fig. 1B). The combination of 25°C and
the lack of agitation was chosen to represent growth of Salmonella
in food, which can occur at room temperature. This makes our
study distinct from the 37°C conditions generally used for
infection-related studies with this bacterium (83). The large cul-
ture volumes were chosen to provide the quantities of RNA re-
quired for transcriptomic analysis of lag phase. This experimental
approach is sometimes called “nutrient upshift” or “nutritional
upshift” (5, 80); however, this usage is not universal, as these terms
can also refer to the transfer of exponential-phase bacteria from
minimal to rich media (66).

This static system generated an average lag time of 2.09 h (n �
3, standard deviation � 0.32 h), during which cell density re-
mained constant (Fig. 1B), and the cells subsequently entered ex-
ponential growth with a doubling time of 0.86 h. During lag phase,
there was no significant change in culture pH (Fig. 1C), and this
was followed by a substantial decrease in pH during exponential
phase. We used a nuclear magnetic resonance (NMR)-based
method to measure the concentration of acetate in stationary-
phase cultures as 3 mM (data not shown), suggesting that the drop
in pH reflected the production of metabolic by-products. The
small (10%) reduction in dissolved oxygen tension during lag
phase (Fig. 1D) showed that cells were exposed to aerobic condi-
tions throughout lag phase. The subsequent decrease in dissolved
oxygen reflected higher oxygen consumption during exponential
phase. Cell size measurements identified a statistically significant
(t test; P � 0.0001) 41% increase in the average size of individual
cells during lag phase from 0.77 �m to 1.09 �m after 2 h and a
further statistically significant (t test; P � 0.0001) increase to 1.46

�m by mid-exponential phase (Fig. 1E). Thus, although the cells
are not dividing during lag phase, they are increasing in size.

Gene expression during lag phase. To measure gene expres-
sion, transcriptomic analyses were carried out at six time points
during the 2.09-h lag phase of S. Typhimurium (4, 20, 40, 60, 90,
and 120 min). Additional transcriptional profiles of the standard-
ized inoculum (0 min) and from mid-exponential (6.3 h), late-
exponential (10.5 h), early-stationary-phase (15 h), and late-
stationary-phase (48 h) cultures allowed the gene expression
profile to be measured throughout the growth curve (Fig. 2A; see
also Fig. S1 in the supplemental material).

Large-scale transcriptional changes were identified during lag
phase when expression levels were compared to those of the stan-
dardized inoculum. Using a t test (P � 0.05) and a 2-fold cutoff,
expression levels of 1,119 genes changed within 4 min and expres-
sion levels of 1,741 genes changed within 20 min of inoculation
(Fig. 2B). Virtually all of the transcriptional changes associated
with lag phase occurred within 40 min, with very few alterations in
gene expression between 40 and 120 min. This suggests that the
cells sense their new surroundings remarkably quickly and initiate
a novel transcriptional program at the beginning of lag phase.
Overall, 2,657 genes (more than half of the genome) showed sta-
tistically significant changes in expression between the stationary-
phase inoculum and at least one lag-phase time point (see Table S1
in the supplemental material). This reveals the size and scale of the
lag-phase-associated transcriptional reprogramming.

The relatedness between the gene expression profiles was as-
sessed at different growth phases (see Fig. S2 in the supplemental
material). The lag-phase profiles (20 to 120 min) clustered to-
gether and shared similarities with the mid-exponential-phase
profile. The first lag-phase sample (4 min) was distinct from all
other lag-phase, stationary-phase, and exponential-phase time
points, suggesting it represents an adaptation period.

Although the standardized inoculum and late-stationary-
phase cultures were both 48-h-old cultures, the physiological
states of these two cultures were not directly comparable, as they
varied in culture volume (inoculum � 500 ml, late stationary
phase � 750 ml) and initial cell density (inoculum � �103 CFU/
ml, late stationary phase � �6 � 105 CFU/ml). Therefore, the
experimental culture reached stationary phase 8 h earlier than the
standardized inoculum culture (Fig. 1B; see also Fig. S1 in
the supplemental material). This was reflected by significant dif-
ferences between the inoculum and late-stationary-phase tran-
scriptional profiles (Fig. 2B).

Functional significance of lag-phase gene expression pat-
terns. Lag-phase transcriptomic data were analyzed in relation to
functional categories (55). The numbers of genes changing in each
functional category at 4 and 20 min were determined (Fig. 3). The
proportions of functional categories changing at the 40-, 60-, 90-,
and 120-min time points were broadly identical to that of the
20-min sample (data not shown).

Transcriptional changes during lag phase indicated upregula-
tion of nucleotide metabolism, transcription, lipopolysaccharide
(LPS) biosynthesis, and fatty acid biosynthesis. Genes encoding
aminoacyl-tRNA synthetases and ribosomal proteins were up-
regulated during lag phase, reaching exponential-phase expres-
sion levels within 20 min. These lag-phase-associated patterns are
consistent with the preparation of the bacterial machinery that is
required for cellular multiplication during exponential phase.

Identification of lag-phase signature genes. Careful analysis
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revealed a novel set of lag-phase-specific signature genes that
showed significant gene expression changes during lag phase
when compared to the other growth phases. In total, 20 genes were
specifically upregulated during lag phase and 19 genes were down-
regulated (see Table S2 and Fig. S3 in the supplemental material).

The lag-phase-specific upregulated genes included nine genes
implicated in iron uptake or storage, four genes involved in Fe-S
cluster synthesis, and two genes involved in manganese uptake
(see Table S2 in the supplemental material). The fact that the
major classes of genes upregulated during lag phase are involved
in metal transport and iron-sulfur cluster formation suggests that
accumulation of these metals may be necessary during lag phase to
prepare for exponential growth.

The genes that were downregulated during lag phase compared
to their expression in the stationary phase and the exponential
phase were primarily of unknown function but also included
some carbohydrate metabolism genes subject to catabolite con-
trol, such as malT (15) and mtlD (94).

Salmonella essential genes are upregulated during lag phase.
To assess the pattern of expression of key physiological processes
during lag phase, a published list of essential Salmonella Typhi
genes previously identified by the TraDIS global mutagenesis
technique was used (64). These 356 essential genes are required for
growth in LB medium and mediate fundamental biological pro-

cesses, including cell division, DNA replication, transcription, and
translation. Three hundred forty-six S. Typhimurium genes that
were homologous to the essential S. Typhi genes were identified
(see Table S3 in the supplemental material). The expression pat-
terns of these genes during growth of S. Typhimurium SL1344
were compared with those of the stationary-phase inoculum (see
Fig. S4 in the supplemental material). Figure 3 shows that the
majority of essential Salmonella genes were induced during lag
phase, with 55% (189 genes) being upregulated at 20 min postin-
oculation compared to their levels in the stationary-phase inocu-
lum (t test; P � 0.05 and �2-fold). A further 5% of essential
Salmonella genes were upregulated at 60 min postinoculation rel-
ative to their levels in the stationary-phase inoculum, making a
total of 209 genes (data not shown). The majority of essential
genes continued to be highly expressed beyond lag phase, with
68% (234) being upregulated in the mid-exponential-phase tran-
scriptional profile.

Nutrient uptake and metabolic changes during lag phase. LB
medium was used for the lag-phase experiments described here.
LB contains a low concentration of sugars (�0.1 mM), meaning
that several amino acids, including serine, proline, leucine, ala-
nine, arginine, and lysine, are the principal carbon sources (102).
Although the activity of core metabolic enzymes in bacteria is not
directly related to the levels of individual mRNA transcripts, the

FIG 2 Global picture of gene expression during lag phase of S. Typhimurium. (A) Expression of 4,619 SL1344 genes throughout the growth curve of S.
Typhimurium. Profiles are normalized relative to the standardized inoculum (Inoc). ME, mid-exponential-phase cells; LE, late-exponential-phase cells; ESP,
early-stationary-phase cells; LSP, 48-h-old late-stationary-phase cells. Gene expression changes were detected within 4 min. (B) Number of genes that change at
each time point. Compared to the standardized inoculum (Inoc) using a t test (P � 0.05, 2-fold cutoff).

Rolfe et al.

690 jb.asm.org Journal of Bacteriology

http://jb.asm.org


gene expression data can still provide key metabolic insights (23).
To gain an overview of the metabolic processes associated with lag
phase, the expression of key genes was considered by analyzing
raw gene expression profiles (without the use of a stationary-phase
sample as a reference sample). In this way, the expression levels of
key genes were compared in an unbiased manner.

Most genes encoding glycolytic enzymes showed increased ex-
pression during lag phase and exponential phase compared to
their levels in the stationary-phase inoculum (see Fig. S5 in the
supplemental material). In particular, genes encoding phosphog-
lucose isomerase (pgi), triose phosphate isomerase (tpiA), and
enolase (eno) were upregulated during lag phase. When different
enzyme isoforms exist for a glycolytic reaction, upregulation of at
least one of the genes encoding an isoform was usually seen. For
fructose-bisphosphate aldolase, fba was upregulated but fbaB ap-
peared repressed. Fba is thought to be the main glycolytic enzyme,
whereas FbaB has been implicated in gluconeogenesis and growth
on C3 compounds (100), suggesting that glycolysis is operating in
a catabolic direction. For pyruvate kinase, pykF showed upregula-
tion while pykA was downregulated. PykF and PykA are both
thought to be functional upon growth on glucose; however, PykF-
specific activity is 15-fold greater than PykA-specific activity (88),
suggesting that the most highly active form of the enzyme is in-
duced during lag phase. Three phosphoglyceromutase isoforms
exist (GpmA, GpmB, and GpmM), and the exact physiological
roles of these different isoforms are unclear (28). During lag
phase, gpmA and gpmB were induced while gpmM showed no
significant changes in expression. The only reaction in glycolysis
that did not appear upregulated at the transcriptional level during
lag phase was that catalyzed by phosphofructokinase: pfkA showed

no change in expression, while pfkB was repressed. Over 90% of
cellular phosphofructokinase activity is from PfkA (63), showing
that the most highly active form of enzyme is induced during lag
phase.

Transcription of genes encoding the enzymes that mediate glu-
coneogenesis (fbp and pps) was downregulated during lag phase.
Similarly, the tricarboxylic acid (TCA) cycle and glyoxylate shunt
were downregulated during lag-phase and exponential-phase
growth, with only the expression of the isocitrate dehydrogenase
(icd) gene unchanged. It has previously been established that the
TCA cycle functions at reduced capacity during rapid growth and
that the TCA cycle and glyoxylate shunt were upregulated upon
entry to stationary phase in E. coli (14). Our gene expression data
suggest that glycolysis is the primary metabolic pathway active
during lag phase and at all other stages of static growth in LB at
25°C. A preeminent role for glycolysis is counterintuitive because
the principal carbon sources in LB are not sugars but amino acids
(102).

Overflow metabolism involves the generation of acetate when
carbon flux from acetyl coenzyme A (acetyl-CoA) is redirected
from the TCA cycle (113) because of reduced expression of TCA
enzyme genes in E. coli (111). Consequently, we examined the
transcriptomic data in relation to acetate production. The en-
zymes phosphotransacetylase and acetate kinase are responsible
for the synthesis of acetate (encoded by the pta and ackA genes).
We observed upregulation of pta and ackA during lag phase, with
a maximal 5-fold induction at 90 min. Taken together, the con-
comitant downregulation of the TCA cycle and upregulation of
acetate synthesis suggest that overflow metabolism is induced
during lag phase.

FIG 3 Functional category analysis of lag-phase gene expression (relative to that of the stationary-phase inoculum). Genes that showed statistically significant
changes in expression (t test; P � 0.05 with a Benjamini and Hochberg multiple testing correction and a 2-fold cutoff) between the stationary-phase inoculum
and the 4-min sample and between the stationary-phase inoculum and the 20-min sample were classified into functional categories based on information from
the KEGG database (55). Additional categories were SL1344-specific genes (229 genes that are present in S. Typhimurium SL1344 but not S. Typhimurium LT2)
and genes that are essential for growth of S. Typhi (346 S. Typhimurium homologues of genes identified as essential in S. Typhi [64]).
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The electron transport chain in Salmonella is modular and in-
volves alternative dehydrogenases and terminal oxidoreductases,
depending upon the availability of electron donors and electron
acceptors (32). In the system studied here, an anaerobic
stationary-phase standardized inoculum was transferred into
fresh LB medium that had been equilibrated with atmospheric
oxygen and, hence, was aerated (Fig. 1D). It was anticipated that
aerobic respiration machinery would be synthesized during lag
phase. During lag phase, genes encoding the terminal cytochrome
oxidase bo (cyoABCD) were upregulated between 4- and 10-fold
and oxygen was consumed (Fig. 1D), indicating that aerobic res-
piration was taking place. The upregulation of genes encoding
NADH dehydrogenases suggest that NADH is the electron donor
(nuoCEFGHIJKN was upregulated between 2- and 6-fold, and ndh
was upregulated 5-fold). Anaerobic respiration pathways (for uti-
lizing trimethylamine oxide [TMAO], nitrate, nitrite, DMSO, and
fumarate as terminal electron acceptors) were also downregulated
during lag phase, indicating that the importance of anaerobic res-
piration to the cells had now diminished. After the available oxy-
gen was consumed by the bacteria, from late exponential phase
onwards, the anaerobic respiration pathways were reestablished.

Phosphate uptake during lag phase. Phosphate is an essential
mineral for bacterial growth, required as an integral component of
membrane phospholipids, nucleic acids, and nucleotides, and for
phosphorylation events within cells. We hypothesized that uptake
of phosphate would be important during lag phase to support
these processes and examined whether genes involved in phos-
phate uptake pathways were upregulated during lag phase in Sal-
monella.

Three forms of phosphate can be utilized by Salmonella,
namely, inorganic phosphate (Pi), organophosphates, and phos-
phonates. Phosphonates and Pi are taken up directly, while most
organophosphates are degraded in the periplasm to yield Pi, which
is then transported into the cell (117). The uptake of all phosphate
species is controlled by the PhoBR two-component system, which
is posttranscriptionally activated under low-phosphate condi-
tions to induce transcription of the phosphate uptake genes (117).
The phoBR genes showed a transient peak in expression of the
PhoBR two-component system at 4 and 20 min into lag phase
(Fig. 4A). The major ABC transporter for Pi uptake is encoded by
pstSCAB, is PhoBR-regulated, and was massively upregulated dur-
ing lag phase (Fig. 4A); indeed, pstS was the most highly upregu-
lated gene (70-fold) 4 min into lag phase. No phosphonate trans-
porter or organophosphate catabolism enzymes were upregulated
during lag phase.

The rapid induction of phoBR and pstSCAB is consistent with a
requirement for the uptake of inorganic phosphate during lag
phase. A study of Bacillus licheniformis also identified upregula-
tion of genes involved in phosphate transport during lag phase
(48), suggesting that phosphate uptake may be a universal re-
quirement during lag phase.

Impact of oxidative damage during lag phase. The oxidative
stress caused by inoculation from a stationary-phase environment
into fresh oxygenated medium impacts growth rate and lag times
(19). Oxidative free radicals damage bacteria (12), and OxyR-
mediated regulation primarily responds to damage from hydro-
gen peroxide, sensed by the formation of an intramolecular disul-
fide bond. Virtually every gene in the OxyR regulon was
upregulated during lag phase (at 4 and 20 min) (Fig. 4B). The SoxS
regulon, which responds to superoxide, was also induced during

lag phase (Fig. 4C), with most genes in the regulon, including
sodA, acnA, acrA, zwf, and nfo, upregulated at 4 or 20 min and
maintained throughout lag phase. Some members of the SoxRS
regulon were downregulated during lag phase, notably fumC and
fpr, probably reflecting the upregulation of these genes during
stationary phase by �38. These Salmonella data resemble the tran-
scriptome of E. coli during the transfer from liquid medium to LB
plates at 37°C, which involved the induction of both the SoxRS
and OxyR regulons (19).

Repair of damaged cellular components during lag phase.
During stationary phase, oxidative damage accumulates in bacte-
ria, with impact on both DNA and proteins (81, 98). Cellular
mechanisms are available for repairing DNA damage, but these
are downregulated in stationary phase, perhaps to avoid depletion
of limited energy resources (98). Consequently, DNA repair
mechanisms were expected to be induced during lag phase, par-

FIG 4 Gene expression profiles of selected gene subsets indicate processes
implicated during lag phase. Gene expression is normalized to the standard-
ized inoculum (Inoc), and the lag-phase time points are boxed. Transcrip-
tional profiles are labeled as described in Fig. 2. Various gene subsets are indi-
cated in panels A to H. Phosphate uptake genes are pstSCAB and phoBR. The
OxyR and SoxS regulons of E. coli are shown (as defined in EcoCyc [58]). The
RNA polymerase category includes rpoABCZ and the recycling factor hepA.
The RpoS regulon was as previously published (49). Ribosomal genes include
members of the rpl, rpm, and rps operons. Iron uptake genes are the ent, fep,
and iro operons. Fe-S cluster synthesis genes are the isc and suf operons.
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ticularly in light of the induction of the OxyR regulon (Fig. 4B).
The present study identified only two genes involved in DNA re-
pair that showed lag-phase induction, nth (endonuclease III) and
xthA (exonuclease III). Induction of DNA repair mechanisms was
reported during an anaerobic-to-aerobic shift of exponentially
growing E. coli cells in LB at 37°C (36); however, this induction
was not seen here when S. Typhimurium was inoculated from a
statically grown anaerobic culture at 25°C to fresh medium con-
taining high oxygen concentrations (Fig. 1D). This difference
could reflect the lack of oxygen transfer experienced by the static
stationary-phase inoculum at 25°C which may limit DNA damage
and remove the need for DNA repair during lag phase.

Protein damage accumulates during stationary phase, which
can result in the direct oxidation of amino acid residues, protein
carbonylation, and aberrant cytoplasmic disulfide bond forma-
tion in E. coli (21). We wondered whether repair or replacement of
damaged proteins would take place during lag phase. Protein car-
bonylation is irreversible, with carbonylated proteins degraded via
HslUV and Lon proteases (30). Gene expression levels of hslUV
and lon showed two peaks at 4 min and 120 min after inoculation,
consistent with the possible degradation of carbonylated proteins
during lag phase. Aberrant disulfide bonds of cytosolic proteins
can be repaired by disulfide reductases, such as thioredoxin and
glutaredoxin (90). The genes encoding thioredoxin reductase
(trxB) and glutaredoxin 1 (grxA) were most highly upregulated 20
min after inoculation (5.2-fold and 7-fold, respectively) (see Table
S1 in the supplemental material), suggesting that reduction of
oxidized disulfide bonds may occur during lag phase. The genes
encoding proteins involved in the direct repair of oxidized methi-
onine residues, msrA and msrB (40), were both induced during
stationary phase and downregulated during lag phase and expo-
nential growth. In contrast, transcription of pcm, which encodes
L-isoaspartate protein carboxylmethyltransferase (114) and is re-
sponsible for oxidized aspartate residue repair, was upregulated
during lag phase but showed its highest expression in mid-
exponential phase. We conclude that the repair of oxidative dam-
age to proteins could be an important process during bacterial lag
phase but that the role of DNA repair remains equivocal.

Transcription, RNA polymerase, and sigma factor expres-
sion during lag phase. RNA synthesis during lag phase is a pre-
requisite for the production of proteins required to equip the
bacteria for exponential growth. It has been reported that concen-
trations of core RNA polymerase (RNAP) remain constant during
exponential and stationary phase, at around 2,000 complexes per
chromosome equivalent in E. coli (50), with the activity of RNAP
being modulated by competition between sigma factors (39).
However, concentrations of RNAP have not been measured dur-
ing lag phase. Genes encoding RNAP core subunits (�, �, �=)
share a peak of expression during lag phase (Fig. 4D), implying
that increased transcription rates occur during lag phase.

RNAP promoter specificity is mainly controlled by the associ-
ation of sigma factors with core RNAP. Although sigma factor
activity is predominantly controlled at the posttranslational level
(43), the expression of sigma factor-encoding genes remains an
important factor. The general stress response sigma factor �38 is
encoded by rpoS (44), which showed a transient transcriptional
increase during lag phase, reaching a peak at 20 min (see Fig. S6 in
the supplemental material) before decreasing in mid-exponential
phase. However, it is unlikely that this leads to a significant in-
crease in the activity of �38 because the RpoS regulon is not acti-

vated during lag phase (Fig. 4E). The housekeeping sigma subunit
�70 is encoded by rpoD, which showed a 2-fold increase in expres-
sion throughout lag phase (see Fig. S6 in the supplemental mate-
rial), beginning at 20 min and continuing into exponential phase.
This pattern is consistent with cells preparing for active growth
during lag phase. Expression of fliA (�28) and rpoN (�54) did not
change significantly during lag phase, while expression of both
rpoH (�32) and rpoE (�24) decreased during lag phase. These data
suggest that �70 is the major sigma factor during lag phase.

Ribosomes and translation during lag phase. Ribosome syn-
thesis and translation rates are regulated in a complex fashion
to ensure that the cellular ribosome number and protein-
synthesizing capability are proportional to the growth rate (60,
115). During lag phase, the number of ribosomes per cell and the
translation rate must increase from the low stationary-phase con-
centration at inoculation to higher (exponential-phase) concen-
trations at the end of lag phase. The translational ability of a bac-
terium is dependent upon the number of ribosomes, which is in
turn controlled by the levels of rRNA and ribosomal protein in the
cell. Because ribosomal protein synthesis is limited by the levels of
rRNA (115), measuring the gene expression profiles of rRNA
genes provides a convenient way to infer translation rates. Genes
encoding ribosomal proteins showed upregulation during lag
phase (Fig. 4F); by 20 min into lag phase, the genes were fully
upregulated to high levels that were maintained through mid-
exponential phase. The rapid upregulation of ribosomal protein
synthesis is consistent with a report that E. coli rRNA synthesis
rates increased within 5 min of nutrient upshift in continuous
culture (60), with an accompanying increase in translation. Ac-
cordingly, we suggest that considerable protein translation is oc-
curring by 20 min into lag phase.

The role of Fis and the stringent response during lag phase.
The nucleoid-associated protein Fis has been reported to regulate
many processes relevant to lag phase, such as initiation of DNA
replication (26) and transcription of rRNA genes (79, 97) in E. coli.
At 37°C, Fis shows a peak of expression during late lag and early
exponential phase in Salmonella (84). This expression was seen in
lag phase at 25°C, when increased Fis protein levels were detected
60 min after inoculation, and during exponential growth (see Fig.
S7 in the supplemental material).

A fis mutant in Salmonella has been reported to have an ex-
tended lag time and lower growth rate (84). This prompted us to
investigate whether Fis is a key regulator that controls lag-phase
gene expression. At both 25°C and 37°C, no difference in lag times
was seen between SL1344 and an isogenic fis::cat mutant using
viable-count-based growth curves, although the fis::cat mutant
did have a lower growth rate than the parental strain at both tem-
peratures (see Fig. S7 in the supplemental material). We conclude
that the absence of fis does not cause extended lag times and that
Fis plays a dispensable role during lag phase.

ppGpp is a bacterial alarmone that can modulate the parti-
tioning of RNAP during the stringent response (89) and that
controls a global regulatory system that operates under condi-
tions of nutrient or energy starvation or other environmental
stress. We investigated the possibility that ppGpp could be in-
volved in the repartitioning of RNAP during the early stages of
lag phase. A relA spoT mutant (105), which cannot synthesize
ppGpp, does not have an extended lag time (data not shown),
suggesting that ppGpp is not playing a critical role during lag
phase in rich media.
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RNA polymerase is not poised at lag-inducible promoters.
The rapid transcriptional response of the 522 genes that were up-
regulated within 4 min of entering lag phase was intriguing. A
similar observation was made in the yeast Saccharomyces cerevi-
siae, where 91 genes were upregulated �4-fold within the first 3
min of lag phase (93). It was concluded that the rapid transcrip-
tion during entry into lag phase by yeast reflected prior binding of
RNA polymerase II to the relevant promoters during stationary
phase without concomitant active transcription. This “poised”
state was maintained until transcription was required during lag
phase of the yeast. A similar type of binding of RNA polymerase
(RNAP) upstream of nontranscribed genes has also been reported
in E. coli K-12 under conditions of stress (38). Accordingly, we
hypothesized that during stationary phase, RNAP could be bound
at, or near to, the promoter region of genes that were activated at
the beginning of lag phase. We used chromatin immunoprecipi-
tation with microarray technology (ChIP-chip) to test this hy-
pothesis and optimized the lysis procedure for stationary-phase
Salmonella cells (see Materials and Methods). Using an anti-
RNAP antibody that we have validated previously (69), we iden-

tified 377 promoter regions occupied by RNAP during stationary
phase (see Table S4 in the supplemental material). These included
the major rRNA genes, including rrsE and the stationary-phase
�38 sigma factor encoded by rpoS (Fig. 5A and B). In addition,
binding of RNAP was observed in the rpoH (�32) and hns genes
(Fig. 5C and D). These binding profiles of RNAP are consistent
with the high expression of rpoS, rpoH, and hns during stationary
phase in Salmonella (see Table S1 in the supplemental material).

A comparative analysis of the 377 promoter regions that bound
RNAP during stationary phase was undertaken. We determined
that less than 13% of the genes that were associated with RNAP at
stationary phase were upregulated at 4 min during lag phase (Fig.
5E). These 49 genes include pnp, proV, and grxA. Overall, the
ChIP-chip data disprove the hypothesis and show that RNAP is
not poised at promoters that are rapidly upregulated during lag
phase.

Promoters induced at 4 min have a consensus �35 binding
site motif for �70. In the absence of poised RNAP, we examined
other explanations for the upregulation of 522 genes within the
first 4 min of lag phase. To investigate whether the relevant pro-

FIG 5 ChIP-chip identification of chromosomal sites associated with RNA polymerase at stationary phase. (A) rrsE. (B) rpoS. (C) rpoH. (D) hns. (E) Venn
diagram showing the overlap between the 377 gene promoter regions that bind RNA polymerase during stationary phase (left) and the 522 genes highly
upregulated during lag phase (4 min postinoculation; right).
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moters share a transcription factor, we searched for the conserva-
tion of DNA sequence motifs that could be responsible for tran-
scription factor binding. Transcriptional start sites have been
mapped for 43 of the upregulated promoters, and these sites al-
lowed the specific analysis of the 50 bp upstream of the �1 nucle-
otide. Unbiased motif searching identified two motifs in the pro-
moters upregulated at 4 min, and these motifs closely matched the
consensus E. coli �70 (RpoD) �35 and �10 binding sites (Fig. 6)
(103). In addition, the �35 region of the promoters upregulated at
4 min demonstrated a distinctive A�T-rich position 6, which may
serve to improve �70 binding specificity or to contribute to DNA
deformation by RNA polymerase. Statistical analysis using Two
Sample Logo (110) revealed that the 43 promoters that are up-
regulated at 4 min are significantly enriched for bases matching
the �35 binding motif of �70, whereas the �10 motif is equally
strong in all data sets (see Fig. S8 in the supplemental material).

Promoters upregulated at 20 min into lag phase also had strong
�10 motifs, but they had no conserved motif at �35 (Fig. 6); weak
motifs were identified at the �35 position but were not consis-
tently retrieved when multiple search parameters were tested and
so were not considered significant (see Materials and Methods). S.
Typhimurium promoters that were not induced in lag phase were
used as negative controls for motif hunting; these promoters were
randomly selected and divided into two sets of 43 promoters to
create data sets of similar sizes. Both negative-control sets showed
strong matches to the �10 motif of �70 but lacked significant
motifs in the �35 region (see Fig. S8 in the supplemental mate-
rial). These findings lead us to predict that the promoters upregu-
lated at 4 min have significantly better �70 binding sites at the �35
position than the promoters upregulated at 20 min and the
negative-control promoters.

Because �70 binding to the �35 region can be functionally
replaced by protein-protein contacts between RNA polymerase
and transcription factors, many promoters lack �70 binding sites
at the �35 region (103). Our discovery of the strong �35 motif in
the promoters upregulated at 4 min suggests that the activation of
these promoters so early in lag phase reflects the naturally high

affinity that �70 has for these targets and that the promoters that
are activated at 4 min are unlikely to require a specific transcrip-
tion factor to recruit RNAP.

The poor �35 �70 binding motifs associated with genes that
were upregulated at 20 min suggest an additional mechanism. 6S
is a regulatory RNA that binds to the RNAP �70 holoenzyme
(E�70) to selectively inhibit the transcription of a subset of E. coli
promoters, which are characterized by a weak �35 �70 binding
motif, during stationary phase (13). The inhibition of transcrip-
tion in stationary phase is relieved upon the introduction of E. coli
to fresh medium, when the synthesis of 6S-directed product RNA
leads to the release of E�70. A population of free E�70 becomes
available within minutes of inoculation of stationary-phase E. coli
into LB medium (118). The regulatory role of 6S has not been
examined in S. Typhimurium, but it is likely that if the disassoci-
ation of 6S and E� also occurs within the first few minutes of the
start of the S. Typhimurium lag phase, free E� could then become
available for transcription. This would explain why the transcrip-
tion of promoters with weaker �35 �70 binding motifs was not
detected until 20 min into lag phase (Fig. 6).

Iron uptake during lag phase. Iron is an essential mineral that
is required for bacterial growth, with numerous iron uptake sys-
tems available. However, iron acquisition is tightly controlled in
bacteria, as excess iron can be toxic (2). High-affinity uptake sys-
tems, relying on secretion of siderophores and the reuptake of
iron-siderophore complexes into the cell, are required when ex-
ternal iron concentrations are low, while low-affinity iron uptake
systems are less well characterized (22). Examination of the tran-
scriptome data showed that expression of the iron uptake machin-
ery was activated during lag phase (Fig. 4G).

Many metabolic and respiratory proteins, such as aconitases
(AcnA, AcnB) and succinate dehydrogenase (SdhB), contain Fe-S
clusters that are essential for enzyme activity (16, 54, 112). Salmo-
nella contains two Fe-S cluster biosynthetic systems, Isc and Suf
(92); transcriptional upregulation of genes involved in both sys-
tems was seen in early lag phase within 4 to 20 min (Fig. 4H). The
expression of genes encoding Isc was maintained through lag

FIG 6 �70 binding site motifs identified in E. coli �70 binding regions (n � 857) from RegulonDB (31) and in S. Typhimurium promoter regions upregulated at
4 min (n � 43) and at 20 min (n � 34) in lag phase. The numbering of base positions was as previously described (103).
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phase, while those encoding Suf decreased, reflecting the different
requirements for each system (92).

Iron uptake is controlled by the Fe2�-inducible ferric uptake
regulator Fur; the Fur apoprotein binds free intracellular Fe2� to
generate the active form of Fur. As the Fe2�-Fur homodimer re-
presses the transcription of Fur-responsive genes (72), decreased
levels of Fe2�-Fur are likely to be responsible for the higher ex-
pression of iron acquisition systems (109). These data prompted
us to measure levels of cell-associated iron during growth as de-
tailed below.

Lag phase is characterized by the specific but transient up-
take and loss of metal ions. Metals play a critical role in bacterial
life as essential micronutrients fundamental to central metabolic
processes and are required for pathogenic virulence (1, 41, 45).
Intricate machinery has evolved to finely tune the intracellular
concentration of metals to achieve metal homeostasis and prevent
metal toxicity (35). Because many metal transporters were specif-
ically induced during lag phase, we investigated whether specific
metals were accumulated during lag phase. It is now possible to
audit many metals simultaneously using the highly sensitive in-
ductively coupled plasma mass spectrometry (ICP-MS) method,
which simultaneously detects 36 metals associated with bacterial
cells (85).

Quantitative assessment of the metallome of S. Typhimurium
showed that maximal cell-associated concentrations of manga-
nese, calcium, and iron occurred during lag phase. The highest
concentrations of manganese (Fig. 7A) and calcium (Fig. 7B) were
detected at 4 min postinoculation (2.9 � 10�19 moles per cell and
7.16 � 10�16 moles per cell, respectively). The accumulation of
manganese correlated with the upregulation of the sitABCD trans-
porter genes (Fig. 7C). For iron, the correlation with the expres-
sion of the relevant transporter genes is less clear-cut, but it is
evident at the 4-min time point. We speculate that changes in
cell-associated metal concentrations could regulate the activity of
metabolic enzymes. For instance, phosphoglycerate mutase (dis-
cussed earlier) contains three isoforms, GpmA, GpmB, and
GpmM (29); as GpmM requires a Mn2� cofactor, its activity could
be influenced by increased cell-associated Mn2� concentrations.
The precise role of ChaA in calcium transport remains controver-
sial (77), but we note that the expression of chaA correlates with
cell-associated calcium levels. The huge increase in calcium may
have a physiological role during lag phase, as it has been suggested
that calcium is involved in the motility, chemotaxis, and cytoskel-
etal organization of E. coli (47). Subsequently, calcium and
manganese concentrations decreased dramatically during mid-
exponential and stationary phases of growth, suggesting that the
physiological need for these metals is highest during lag phase and
raising the possibility that these metals play an important role in
the transition from lag phase into exponential growth.

Iron accumulation showed a transient pattern during lag
phase, with the highest cellular concentration (4.1 � 10�18 moles
per cell) during the earliest stages of lag. Iron accumulation cor-
relates with expression of the dedicated iron transport machinery,
which increases during lag phase (Fig. 7C). We suggest that iron
uptake is required during the earliest stages of growth for the
assembly of iron cofactors and Fe-S clusters that are associated
with essential metabolic machinery (51).

The cell-associated concentrations of several other metals, in-
cluding molybdenum, cobalt, and nickel, were reduced during lag
phase (Fig. 7; see also Fig. S9 in the supplemental material). Mo-

lybdenum is used as a cofactor for a number of enzymes in-
volved in bacterial oxidation/reduction reactions, primarily
under anoxic conditions (59). In the present study, maximal
accumulation (9 � 10�20 moles per cell) of molybdenum oc-
curred during anaerobic stationary phase, and the concentra-
tion of molybdenum was reduced during the oxygen upshift
associated with lag phase (Fig. 7D).

A similar pattern was observed for nickel (see Fig. S9 in the
supplemental material) and cobalt (Fig. 7E), which were both
maximally accumulated at stationary phase, correlating with the
highest expression of their respective transporter genes (95). The
cell-associated concentrations of cobalt and nickel decreased
upon entry into lag phase, coinciding with downregulation of the
relevant transport machinery. It was recently reported that ele-
vated nickel levels can disrupt iron homeostasis (116). We note
that increased levels of iron are associated with a decreased con-
centration of nickel during lag phase (Fig. 7C; see also Fig. S9 in
the supplemental material), consistent with a homeostatic mech-
anism that ensures that bacterial cells do not contain high concen-
trations of both nickel and iron simultaneously. We observed a

FIG 7 S. Typhimurium cell-associated metal ion accumulation (attomoles
per cell) was measured with ICP-MS at different growth phases, and the cor-
responding expression levels of genes encoding metal uptake machinery are
shown. Profiles for the uptake of manganese (A), calcium (B), iron (C), mo-
lybdenum (D), cobalt (E), and sodium (F) are indicated. Gene expression is
normalized to the standardized inoculum (Inoc), and the time points are la-
beled as in Fig. 2. Statistically significant changes in cell-associated metal con-
centrations from those for the standardized inoculum are indicated (t test; �,
P � 0.05; ●, P � 0.1). References for each transporter system are listed in Table
S5 in the supplemental material.
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marked upregulation of yohM (rcnA), which encodes the Ni2�/
Co2� efflux protein, and its regulator, YohL (RcnR), at later stages
of lag phase (starting at 60 min postinoculation) (Fig. 7) (52, 53,
96). Nickel has a biological role as a cofactor for anaerobically
expressed NiFe hydrogenases (76, 121). Like molybdenum, the
gradual removal of cell-associated nickel and cobalt coincided
with an oxygen upshift during lag phase. This would be consistent
with the cytotoxicity of nickel and cobalt in the presence of intra-
cellular peroxide (34).

We noted that the cell-associated concentrations of sodium
(Fig. 7F) and magnesium (see Fig. S9B in the supplemental mate-
rial) were maximal in mid-exponential phase (2.4 � 10�16 and
8 � 10�17 moles per cell, respectively), suggesting that these met-
als play a specific role during exponential growth. Examination of
the transcription of genes encoding magnesium transporters
(corA, mgtA, and mgtBC) revealed that mgtA showed a peak of
expression during early lag phase when compared with the inoc-
ulum (5.4-fold upregulated) and late exponential phase (7.8-fold
upregulated) (see Table S1 in the supplemental material), suggest-
ing that MgtA could be responsible for the increase in magnesium
concentration seen during exponential phase. The corA gene was
most highly expressed during stationary phase, while mgtBC
showed highest expression (5.5- to 7.8-fold) during early lag
phase. The gene encoding the sodium/proton transporter nhaA
was most highly expressed (2.5-fold upregulated) during mid-
exponential growth, correlating with the highest concentration of
sodium ions. The raised level of cell-associated sodium ions could
balance a rise in the external proton concentration caused by an
increase in proton motive force during exponential growth. Other
metals that have no known physiological role in bacteria accumu-
lated during lag phase. These include strontium, chromium, and
aluminum (see Fig. S9 in the supplemental material). This may
reflect promiscuity between metal transporters that results in the
coaccumulation of several metals.

Lag-phase cells show increased sensitivity to hydrogen per-
oxide. The observation that the cell-associated levels of both iron
and manganese rise at the earliest stage of lag phase is intriguing.
Increased intracellular pools of free iron are known to stimulate
Fenton chemistry and cause sensitivity to oxidative stress (107),
while manganese ions can protect against oxidative stress by sub-
stituting for iron in mononuclear enzymes (3). Our data show that
the cell-associated ratios of iron to manganese were 35.4 (late
stationary phase) and 13.9 (at 4 min postinoculation). In contrast,
the ratio of iron to manganese in E. coli cells grown in minimal
medium is 66.66 (3). We considered the possibility that the rela-
tive increase in manganese levels during lag phase could serve to
dampen the oxidative damage associated with inoculation into
aerated medium. We hypothesized that the presence of increased
intracellular iron would induce a short-lived peroxide sensitivity
during lag phase and that this could be ameliorated by the pres-
ence of manganese. Figure 8 shows that a transient sensitivity to
oxidative stress was seen at 4 min and 20 min postinoculation,
correlating with the highest concentration of bacterium-
associated iron. This sensitivity to hydrogen peroxide coincides
with the induction of the OxyR regulon at 4 min and 20 min (Fig.
4B) and suggests that oxidative damage is caused by the combina-
tion of increased intracellular iron and the newly available oxygen.
The bacterial cells became more resistant to the hydrogen perox-
ide by 60 min postinoculation, coinciding with a tailing off of the
transcription of genes within the OxyR regulon and the continued

high expression of iron import genes. We propose a model
whereby S. Typhimurium resists oxidative stress during early lag
phase in aerobic environments by binding preexisting pools of
intracellular iron before actively accumulating additional iron
from the medium after successful adaptation. Further phenotypic
data are required to confirm this hypothesis.

Conclusions. This study has characterized the key processes
that occur during bacterial lag phase (Fig. 9). The evidence sug-
gests that the cells sense their new surroundings remarkably
quickly and initiate transcription during early lag phase to prepare
for exponential growth. The detailed transcriptomic analysis of lag
phase reported here should support the future identification of the
underlying regulatory mechanisms that choreograph the transi-
tions from stationary to lag phase and from lag to exponential
phase. These systems are likely to complement the established
roles played by transcription factors during stationary phase (e.g.,
RpoS [61]) and by repressors during exponential growth (e.g.,
StpA [68]).

Previously, we performed a network-based study of lag phase
in E. coli K-12 cells grown under similar growth conditions (87). It
contained uncorroborated transcriptomic data that identified 186
genes that were differentially expressed during lag phase; the ma-
jority of these genes (79%) showed a pattern comparable to that of
genes in S. Typhimurium (at 60 min postinoculation). This sug-
gests that the physiological processes occurring during lag phase
are broadly similar in E. coli and Salmonella.

Our study reveals that the bacterial transcriptional machinery
of a 2-day-old stationary-phase bacterial cell mediates radical
changes in gene expression within 4 min of entering a new envi-
ronment and represents a period of adaptation between the
stationary-phase and lag-phase transcriptional programs. RNAP
binds nonspecifically to DNA as the growth rate of E. coli is re-
duced (62), suggesting that there is a relatively high concentration
of free RNAP present in stationary-phase cultures. Our ChIP-chip
data show that RNAP is associated with hundreds of chromo-
somal regions and confirms reports that active transcription con-
tinues during stationary phase (91). It is clear that the promoters
of the genes that are upregulated at 4 min into lag phase share an
extremely strong �70 binding motif. The fact that RNAP is not
bound at these promoters at stationary phase suggests that the
enzyme must partition extremely rapidly to initiate high levels of

FIG 8 Lag-phase Salmonella shows increased sensitivity to hydrogen perox-
ide. Culture was taken at the indicated time points and exposed to H2O2 for 60
min, and the fold decrease in cell viability is shown. The 4-min lag-phase
culture showed a statistically significant difference (t test; P � 0.05) in hydro-
gen peroxide sensitivity when compared to the sensitivities of the inoculum,
60-min, 120-min, and mid-exponential-phase cultures.
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transcription within 4 min of entering a permissive growth envi-
ronment.

Systems such as iron and phosphate uptake, Fe-S cluster for-
mation, and oxidative stress deserve intensive investigation to
fully determine their roles in lag phase. Our discovery that iron
and manganese are accumulated by S. Typhimurium during lag
phase constitutes strong phenotypic confirmation of the tran-
scriptional patterns of metal transport genes. Taken together,
these findings reveal important features of metabolism during the
earliest stage of bacterial growth, and they led us to identify a
transient sensitivity to oxidative damage during early lag phase.

Until now, the study of lag phase has received more attention in
eukaryotes than in prokaryotes. Transcriptional analysis of Sac-
charomyces cerevisiae identified genes that show lag-phase-
dependent expression when compared to a stationary-phase inoc-
ulum. During early lag phase, genes involved in translation,
protein folding, modification, translocation and degradation, ri-
bosome biogenesis, transcription, RNA processing, cell polarity,
cell division, and cell cycle control were induced (9, 10). The pres-
ent study shows that most of these fundamental classes of genes
are also upregulated during bacterial lag phase.

Stationary phase precedes the “death phase” and the end of
bacterial life. The fact that stationary-phase cultures of E. coli con-
tain a mixture of damaged and healthy bacteria (20) suggests that
conditional senescence and aging occur in both prokaryotic and

eukaryotic microorganisms (82). However, there is an important
and fundamental difference between the mandatory aging of eu-
karyotic cells and the conditional senescence of bacteria: the latter
is a reversible process. When stationary-phase bacterial cells are
subcultured into fresh medium, they enter lag phase, halt the de-
generative process, and prepare for exponential division. Our data
are consistent with lag phase representing the rejuvenation of bac-
terial life that accompanies the repair of oxidative damage and the
development of the intracellular macromolecular stores needed
for optimal growth.

It seems fitting that as Salmonella was the first bacterium in
which lag phase was studied (75), it is now the first Gram-negative
bacterium to be understood at the level of global gene expression
during lag phase.
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